1. Blowfly flight-muscle mitochondria respiring in the absence of phosphate acceptor (i.e. in state 4) take up greater amounts of K+, Na+, choline, phosphate and C1-(but less NH4+) than non-respiring control mitochondria. 2. Uptake of cations is accompanied by an increase in the volume of the mitochondrial matrix, determined with the use of [14C]-sucrose and 3H20. The osmolarity of the salt solution taken up was approximately that of the suspending medium. 3. The [14C]sucrose-inaccessible space decreased with increasing osmolarity of potassium chloride in the suspending medium, confirming that the blowfly mitochondrion behaves as an osmometer. 4. Light-scattering studies showed that both respiratory substrate and a permeant anion such as phosphate or acetate are required for rapid and massive entry of K+, which occurs in an electrophoretic process rather than in exchange for HW. The increase in permeability to K+ and other cations is probably the result of a large increase in the exposed area of inner membrane surface in these mitochondria, with no intrinsic increase in the permeability per unit area. 5. No increase in permeability to K+ and other cations occurs during phosphorylation of ADP in state 3 respiration.
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For some time there has been general consensus that the inner mitochondrial membrane is essentially impermeable to alkali-metal cations. This view, originally suggested by the observation that a portion of the mitochondrial K+ is retained during sucrose washing (Spector, 1953; Bartley & Davis, 1954; Amoore, 1960) and by the osmotic behaviour of mitochondria in solutions of potassium salts (Chappell, 1954; Tedeschi, 1961) , was strengthened by the demonstration of a low rate of exchange of endogenous K+ with added 42K (Gamble, 1957; Amoore & Bartley, 1958) . Such exchange experiments removed the ambiguity of earlier work in which gross fluxes of K+ were involved, in that the latter are always associated with the movement of at least one other ion, which may be the limiting factor. More recently many studies have been reported on the induction of a permeability to alkali-metal cations by certain ionophorous antibiotics (Moore & Pressman, 1964; Pressman, 1965; Cockrell et al., 1966; Harris et al., 1966; Azzi & Azzone, 1966) ; this work has also emphasized the view that the mitochondrial membrane is intrinsically impermeable to K+. However, Caswell (1969) has reported a transient increase in permeability induced by uncoupling agents or a combination of uncoupling agents and respiratory inhibitors, and Mitchell & Moyle (1967 , 1969 Vol. 126
to Na+ and slightly to K+ in the sense that these cations enter in exchange (antiport according to the terminology of Mitchell, 1967) for H+. In addition, two groups of workers have shown a greatly increased permeation of ox heart mitochondria suspended in iso-osmotic potassium acetate solutions on the addition of a respiratory substrate (Brierley et al., 1968; Blondin & Green, 1969) . The increased permeation was attributed to an increased permeability, but this was not an unequivocal conclusion, as the effect of a superimposed membrane potential has also to be considered.
In the present paper we describe the interaction of blowfly muscle mitochondria with K+ and other cations. Our observations indicate that state 4 respiration (see Chance & Williams, 1955) induces a large increase in permeability to K+ and also to larger cations such as choline+ and ornithine+. The permeation of cations under these conditions requires a potential gradient and is thus an electrophoretic process; it differs from the neutral antiport of K+/H+ and Na+/H+ described by Mitchell & Moyle (1967 , 1969 Digestion was allowed to proceed for 10min at 0°C; during this time intact muscle bundles were dispersed with further gentle homogenization. The suspension was then filtered through four thicknesses of washed cheese-cloth and centrifuged at lOOOOg for 2min in a Sorvall RC2B refrigerated centrifuge. The resulting pellets were gently resuspended by using an ice-filled test-tube, made up to 40ml, and centrifuged again in the same fashion. As a routine the final pellet was suspended in 2ml of preparation medium. This method of preparation yielded mitochondria exhibiting respiratory-control ratios of more than 20 with pyruvate as substrate. In addition, the electron microscope revealed homogeneous populations of mitochondria, containing essentially no components of non-mitochondrial origin. If digestion was excessive, grossly distorted mitochondria were observed.
Incubation studies
Mitochondria were sedimented by centrifugation in a Sorvall RC2B centrifuge, in lOml polypropylene tubes. The procedure was to allow the centrifuge to accelerate maximally to 19000 rev./min and then to brake maximally. This yielded tightly packed pellets from which supernatant fluid could be easily drained. The sides of the tubes were then very carefully wiped with a tissue and the pellets resuspended in 0.1 ml of water or 0.25M-sucrose, followed by addition of 0.5 ml of 10% (w/v) trichloroacetic acid. Precipitated protein was sedimented by centrifugation and the trichloroacetic acid extract was used for the determination of ions and the counting ofradioisotopes.
The general plan was to compare energized (i.e. respiring and coupled) mitochondria with identical non-energized control systems containing uncoupling agent. Several authors have criticized the use of centrifugation to terminate incubations of this sort, on the grounds-that the mitochondria might become anaerobic during the separation procedure (see, for example, Harris et al., 1966) . Although the values reported here for the differences between energized and nonenergized mitochondria are probably underestimated, there are several reasons for believing that anaerobiosis of the pellets is not an important factor. First, the results obtained were the same whether airsaturated or oxygen-saturated media were used, though the latter were normally used in practice to allow longer incubation periods. Clearly, the possibility of the mitochondria becoming anaerobic before forming a pellet would be greater in the air-saturated medium. Secondly, essentially the same results were obtained in studies with an MSE 18 centrifuge, which accelerates more slowly and thus increases the risk of anaerobiosis before formation of the pellet. Thirdly, results to be presented in this study suggest that the mitochondrial membrane is impermeable to cations in the absence of energy. Thus, even should anaerobiosis occur, cations previously accumulated would be trapped within the mitochondria. Moreover, blowfly mitochondria are well suited to this approach, since they sediment very rapidly, especially in salt media.
Counting of radioactivity ofsamples A sample (0.2ml) of the trichloroacetic acid extract was counted for radioactivity in 15 ml of Bray's (1960) fluid in a Packard Tri-Carb liquid-scintillation counter. For the dual-and triple-channel counting the principles described by Hunter & Brierley (1969) were adopted. Windows and gain were set so that there was no overlap of the 3H counts into the 14C channel, and no overlap of the 14C counts into the 36C1 channel. The estimation of spaces was based on the comparison of the counts in the pellet extract with the counts in a sample of supernatant medium from the same tube, diluted to give a similar count rate and an identical concentration of trichloroacetic acid.
K+ and Nal were determined by flame photometry in an EEL flame photometer, by employing a lithium internal standard, in standard and unknown solutions. NH4+ was determined by the ninhydrin technique of Rosen (1957) .
Phosphate was determined by the 2-methylpropan-2-ol-stannous chloride method of Berenblum & Chain (1938) . Interference from endogenous ATP breakdown during the formatiQn of the pellets or in subsequent extraction and assay was probably of minor importance since the total adenine nucleotide content of blowfly mitochondria is only 14nmol/mg of protein (Price & Lewis, 1959 For interpretation of calculations of this nature it must be pointed out that only the total ion content of the sucrose-inaccessible space is measured; although most ofthis is probably in the matrix space, some may be adsorbed on the membrane. This may be the reason for the excess of chloride space over sucrose space in this experiment, although there is some evidence for entry of Cl-into these mitochondria when the membrane is stretched, and this will be presented below. In experiments of this sort involving five different mitochondrial preparations, the matrix volume of non-energized blowfly flight-muscle mitochondria was found to be 1.000.07pl/mg of total mitochondrial protein.
The composition of the medium used in the experiment reported in Table 1 was essentially that used in most polarographic experiments with blowfly mitochondria. Since phosphate was the main counter-ion involved, experiments were carried out to see if the presence of phosphate was obligatory for a large uptake of K+. It emerged that there was only slight accumulation of K+ in the absence of phosphate, this being an excess of 36nequiv. of K+/mg of protein over the content of the control (respiration-inhibited) incubation. In the presence of 4mM-potassium phosphate the accumulation rose to 185nequiv./mg, and in the presence of 10mM-phosphate to 282nequiv./ mg. It is noteworthy that Cl-will not support an Vol. 126 Table 1 . Measurement ofK+, Na+, Cl-andphosphate content and of sucrose-inaccessible water of respiring and non-respiring blowfly flight-muscle mitochondria
The basic medium comprised 0.12M-KCI, 15mM-potassium phosphate, pH7.1, 5mM-sodium DLglycerol phosphate, pH7.1, lmg of bovine serum albumin/ml, 0.5,Ci of 3H20/ml, 0.3,uCi of 36Cl/iml and 0.3,uCi of [14C]sucrose/ml. This was saturated with oxygen and 4ml portions were used for each incubation. In those incubation mixtures described as 'energized', 0.25ml of mitochondrial suspension (22.2mg ofprotein/ml) was added to each tube. Tubes were centrifuged 40s after mixing, as described in the Materials and Methods section. In the 'nonenergized' incubation mixtures, KCN and carbonyl cyanide p-trifluoromethoxyphenylhydrazone were added to 2.5 mr and 1,UM respectively before the, addition of mitochondria. 'Energized' incubation mixtures were centrifuged individually but the four 'non-energized' incubation mixtures were centrifuged together. Table 1 provides some evidence in favour of this suggestion. It may be concluded from these experiments that in state 4 respiration energy-linked uptake of K+ occurs, that this uptake requires the presence of either phosphate or acetate, and that it does not occur in the presence of Cl-only. Evidence will be presented below that the anion required must permeate as the undissociated acid; this requirement is not satisfied by anions such as Cl-that penetrate as such, i.e. by anion uniport (see Chappell & Crofts, 1966; Mitchell & Moyle, 1969) , under alkaline conditions.
Cation specificity
An investigation of the cations that are accumulated by state 4 blowfly mitochondria revealed that there is very little specificity; thus, results essentially similar to those presented for K+, although less reproducible, were obtained in Na+-containing media. Moreover, cations as large as choline were found to be accumulated. This was surprising, in view of the generally accepted finding that choline is a non-penetrant (see, e.g., Mitchell & Moyle, 1969) . Subsequently it was found that uptake of these ions could be faithfully and less laboriously followed by Table 2 . Facilitation of K+ accumulation by acetate A basic medium was used comprising 0.12M-KCl, 2mM-potassium HEPES [2-(N-2-hydroxyethylpiperazin-N'-yl)ethanesulphonate] buffer, pH 7.1, 0.2,uCi of [I4C]sucrose/ml, 2,uCi of 3H20/ml and 1mg of bovine serum albumin/ml. This was oxygen-saturated. To each 5ml portion of this medium were added, as indicated below, 25,umol of sodium DL-glycerol phosphate to the energized systems and 10pmol of KCN to the non-energized controls. In addition, the incubations contained the amount of potassium acetate shown below. Incubations were for 40s and were initiated by the addition of 0.25 ml of mitochondrial suspension (21.8mg of protein/ml). Centrifugation and pellet extraction were as described in the Materials and Methods section. The temperature was 25°C. The values in the final column were obtained by subtracting from the K+ content the product of the sucrose space and the concentration of K+ in the suspending medium. (Table  3) . Parallel light-scattering experiments confirmed that a slow swelling occurred in NH41-containing media on the addition of an uncoupling agent (Fig.  1) . The rate of this swelling was significantly increased by raising the pH of the incubation medium from 7.1 to 7.9. This is consistent with the observation that the permeability to Cl-is enhanced under these conditions (Azzi & Azzone, 1967; Brierley, 1970 (Mitchell & Moyle, 1967 , 1969 An investigation of the osmotic behaviour of nonrespiring blowfly flight-muscle mitochondria in potassium chloride solutions by using the spaces method described earlier (Fig. 4) confirmed the conclusion from the light-scattering experiment: these mitochondria behave as osmometers in potassium chloride solutions of concentrations over 60mM and are thus impermeant to K+. Moreover, the volume of the osmotically sensitive compartment can be measured with some precision, contrary to work of Klingenberg & Buchholz (1970) . Thus the values of matrix volume plotted in Fig. 4 Tables 1  and 2 ). The osmotic dead-space, which is largely composed, according to Pfaff et al. (1968) , of the hydration sphere of proteins, was found to be 0.37,u1/mg.
Effect of energy on the permeability to cations
The preceding work suggested that the permeability of the membrane to cations was enhanced during the coupled oxidation ofsubstrate in state 4. The accumulation experiments had involved predominantly C1--containing media, as this was the system used as a 6 7 8 routine in polarographic experiments. However, for the examination of cation permeability there were flight-muscle clearly advantages in using media in which all of the uated by the anion was capable of rapid penetration. Thus, exmethod periments were done in iso-osmotic acetate and phosphate solutions of a number of different cations al suspension (Fig. 5) (2) chondria to Ca2l. These results resemble those obtained with heart mitochondria suspended in acetate solutions (Brierley et al., 1968; Blondin & Green, 1969) , and extend the findings of these authors to phosphate solutions, where the anion also enters effectively as the acid (Mitchell & Moyle, 1969) .
Replacement of the substrate with pyruvate and proline (the latter to provide oxaloacetate; Childress & Sacktor, 1966 ) gave rise to a much lower rate of swelling. Addition of oligomycin enhanced this rate (Fig. 6) and a subsequent addition of ADP increased it still more. ADP under these conditions has the role of activating the NAD-linked isocitrate dehydrogenase (EC 1.1.1.41) and thereby increasing the reduction of NAD. These facts suggested that it might be the redox state of the respiratory carriers that was responsible for the increased permeation, rather than the energy state of the mitochondrion, as the carriers are notably reduced by glycerol phosphate in state 4 and by pyruvate in the presence of oligomycin and ADP (Hansford, 1968) . However, an experiment with glycerol phosphate and KCN, which would give a high degree of reduction (except of nicotinamide nucleotide) showed no facilitation of swelling. Inclusion of ADP in iso-osmotic potassium phosphate media or in potassium acetate media containing 2mM-potassium phosphate prevented any swelling on the addition of glycerol phosphate, until the ADP had been phosphorylated (Fig. 7) . Phosphorylation thus prevents this massive influx of cation and acetate or phosphate. Addition of valinomycin accelerates swelling in the presence of substrate, and elicits swelling when added during phosphorylation (Figs. 7 and 8 ). These findings, presented in a quantitative fashion in Table 4 , are taken to indicate that energization does indeed increase the permeability of the membrane (see the Discussion section).
Discussion
Oxygen-electrode experiments with blowfly flightmuscle mitochondria show that respiratory control with pyruvate as substrate is optimum in salt media containing 20mM-phosphate (Hansford, 1968 Oligomycin "I, \ E700 | 0.25 Fig. 6 . Enhancement by pyruvate oxidation of mitochondrial swelling in iso-osmotic potassium phosphate solutions Mitochondria were suspended in 0.128 M-potassium phosphate, pH7.2, at 25°C. The record is that of change in E700, the value at the beginning of the experiment being 0.8. In (a), pyruvate (2mM), proline (5mM), oligomycin (1 l,g/ml) and ADP (2mM) were added as indicated. In (b), the medium contained pyruvate and proline initially, and oligomycin was added as indicated.
state 4 respiration and a consequent enlargement of the matrix. Clearly, this has no very deleterious effect on mitochondrial performance. It differs, apparently, from the 'phosphate swelling' in liver mitochondria investigated by Harris & van Dam (1968) , in that it is the matrix and not the cristal space which expands. This result is not surprising in that selective permeability is normally thought to involve the inner membrane.
Calculations on the osmolarity of the salt taken up under these conditions show that it is equal to that of the suspending medium to a first approximation, a prediction ofthe osmotic model ofswelling (Tedeschi, 1961; Chappell & Crofts, 1966; Rasmussen et al., 1965) . This is surprising, as these mitochondria possess a denser array of cristae than those from other tissues (Smith, 1963) , with a correspondingly ordered matrix. If ion adsorption were to play a role in this sort of experiment, it would surely be observed in these mitochondria, because of the large surface area. To this extent, these studies widen the validity ofthe osmotic model which was first proposed for mitochondria of a very different structure. The actual size of the matrix compartment of blowfly mitochondria is very similar to that obtained for the mannitol-impermeable space of ox heart mitochondria by Hunter & Brierley (1969) and somewhat larger than that found for the sucrose-impermeable space of liver mitochondria by Bartley (1961) and Harris & van Dam (1968) (but cf. larger values obtained for liver by Pfaff et al., 1968) . Comparison Vol. 126 In each case, 15,umol of sodium DL-glycerol phosphate (GP) was added as indicated. In (d), 5,ul of a 6.5,uLg/ml solution of valinomycin was added, as indicated. The total volume in each case was 2.55 ml and the temperature 25°C. In (c), the point ofinflexion of the curve corresponds to the completion of phosphorylation ofthe ADP present. The recording is that of E700, the initial value being 0.757. along these lines may not be very meaningful, however, as they are on a protein basis, and the proportions of the total protein contributed by matrix and membrane vary considerably among these mitochondrial types.
The difference between the penetration of these mitochondria by cations in the presence and absence of energy is best explained by the induction of a nonspecific cation permeability in the energized or state 4 condition; Brierley et al. (1968) and Blondin & Green (1969) suggested an increased permeability to cations from experiments similar to those shown in Fig. 5 hypothesis (Mitchell, 1965) , addition of substrate will increase the rate of cation permeation by adding an electrical component to the concentration component already present. Clearly, if there is absolutely no entry in the absence of substrate then energization must be inducing a permeability change as well as superimposing a membrane potential, but this condition is not fully met (Fig. 5) . However, results with valinomycin presented here do allow the implication of a permeability change. Thus, in the experiment of Fig. 7 , where valinomycin greatly facilitated swelling in state 3, it is most unlikely that it was acting to increase the electrochemical gradient, much more likely that it was increasing the permeability of the membrane, the effect normally attributed to this antibiotic (Chappell & Crofts, 1965) . A less well-defined effect ofvalinomycin in achieving a marshalling of the energy supplies of the mitochondrion into use in cation uptake torily linked to that of any other ion. These conclusions follow from several observations. First, the rate of swelling in iso-osmotic solutions of potassium phosphate and potassium acetate is extremely low in the absence of energy. By contrast, swelling in the corresponding ammonium salts is both rapid and extensive. These results rule out rapid antiport of K+ and H+ in the non-energized state (Fig. 2e) . Moreover, addition of an uncoupling agent in no way facilitates swelling, as would happen if K+ were transported by a uniporter, with the consequent formation of a membrane potential (Fig. 2d) . Secondly, on addition of a respiratory substrate a massive swelling occurs in iso-osmotic solutions of the acetates and phosphates of a number of cations (Fig. 5) . In comparison, the swelling seen in corresponding chloride solutions on the addition of substrate is very slight (not shown) even when the experiment is carried out at pH 8, to guarantee permeability of the mitochondrial membrane to C1-. As the entry of phosphate or acetate is an electrically neutral process (Chappell & Crofts, 1966; Mitchell & Moyle, 1969) as shown in Fig. 2 , the entry of cations during respiration must also be neutral for a large swelling to occur. If it is accepted that respiration per se leads to the expulsion of H+ ions from the mitochondrion, and is hence an electrogenic process, then cation movement in the opposite direction must be electrophoretic (Fig. 2) . On this reasoning, the lack of swelling in potassium chloride (pH 8) in the presence ofenergy would reflect the scant intrinsic permeability of the membrane to H+ ions. The induction of a permeability to cations which seems to occur when an oxidizable substrate is added to these mitochondria in some ways resembles the effect of the ionophorous antibiotic valinomycin 1972 (Moore & Pressman, 1964; Pressman, 1965; Cockrell et al., 1966; Harris et al., 1966; Azzi & Azzone, 1966) . It differs, however, in that there is little discrimination between cations of different sizes (Fig. 5 ) and in that a subsequent addition of valinomycin gives a further enhancement (Fig. 8) .
The experimental results obtained in polarographic media (Table 1, Fig. 1 ) can be explained on the basis of an increased permeability to whatever cation was present, including those as large as choline, and a consequent uptake of cation and phosphate. The magnitude of this would be somewhat limited by the concentration of phosphate present, but once a certain swelling had been achieved the membrane would have become permeable to Cl-(at neutral pH), as shown in Fig. 3 . Some penetration of Cl-could then occur (Table 1) , though this would be limited by the H+-ion permeability of the membrane.
How does this cation permeability in state 4 compare with that found in other mitochondria, and what is its bearing on oxidative phosphorylation? The rate of the uptake is high. The values for net accumulation (Tables 1 and 2 ) will necessarily be minimal values for uptake . They are nevertheless severalfold larger than the rates reported by Harris et al. (1966) for K+ uptake by liver mitochondria, non-facilitated by valinomycin, and are equally in excess of the 42K-exchange rates reported by the same authors. In this study (Harris etal., 1966 ) the accumulation was measured in the presence of a respiratory substrate, acetate as a penetrant anion, and 1OmM-K+. The metabolic status of the mitochondria used for the exchange study was not clear. Another study (Harris et al., 1967) reported rather lower rates of K+ entry, in the absence ofvalinomycin. Therefore the high rate of entry of cations into blowfly flight-muscle mitochondria may reflect more the very much greater inner-membrane area in these mitochondria than an increased leakiness of the membrane per unit area. This would be consistent with findings that respiration is tightly coupled under conditions of ion uptake. It is clear from Fig. 7 that phosphorylation can compete effectively with ion uptake for energy reserves. This could be equally well explained as competition for a high-energy intermediate (Slater, 1953 (Slater, , 1958 , an energized carrier (Massari & Azzone, 1970) , or an electrochemical gradient (Mitchell, 1965) . In state 4, the cation uptake should impose an energy demand and lead to an increased respiratory rate. This is found to occur. The relevant experiments are in practice difficult to do, as the oxidation ofpyruvate, which is subject to tight respiratory control (respiratory control ratios of 20-30), is also sensitive to ADP and phosphate as allosteric effectors, which makes the effects of addition of phosphate difficult to interpret. These difficulties do not apply to the study of glycerol phosphate oxidation, which is, however, relatively loosely coupled. With the latter substance as substrate the addition of phosphate to a concentration of 5mM stimulated the state 4 rate from 0.401 to 0.535,tugatoms of oxygen/min per mg of protein for about 30s, after which the lower rate was again obtained. A subsequent addition of ADP elicited the state 3 rate of 1.23,ug-atoms of oxygen/min per mg of protein.
Addition of phosphate to a higher concentration increased the stimulated rate slightly, but tended to decrease subsequent response to ADP. Comparison with centrifugation experiments carried out under similar conditions (Tables 1 and 2 ) would suggest that during this period of stimulated respiration the ratio of K+ taken up to extra oxygen consumed was very approximately 2. The accumulation of K+ thus represents a drain in the supply of respiratory energy. However, in the presence of 5mM-phosphate the stimulated respiration returns to normal after cation accumulation; the latter condition is presumably that obtaining in the intact cell in vivo.
The basic question may be asked as to whether the increased penetration of cations in state 4 and failure to penetrate in state 3 is due to a change in physical state of the membrane so that there is a change in permeability per unit area or due to an increase in the exposed area of inner membrane consequent to unfolding of cristae, with no change in the intrinsic permeability coefficient. Electron micrographs of liver mitochondria in state 3 and state 4 have revealed very large changes in the matrix volume and in the exposed area of inner membrane in 'orthodox' or state 4 mitochondria (Hackenbrock, 1966 (Hackenbrock, , 1968 . It will be worthwhile to determine whether corresponding changes in the morphology of fly flight-muscle mitochondria occur, and can be visualized by using the electron microscope.
